The affinity of cGMP-gated ion channels (CNGCs) for cGMP in chick retinal cone photoreceptors is under circadian control. Here we report that dopamine (DA) and D2 receptor agonists evoke phase-dependent shifts in the affinity of CNGCs for activating ligand. Inside-out patch recordings from cultured chick cones were performed at circadian time (CT) 4 -7 and CT 16 -19 on the second day of constant darkness. Exposing intact cells to DA or the D2 agonist quinpirole for 2 hr before patch excision caused a significant increase in the K D for cGMP during the night (CT 16 -19) but had no effect during the day (CT 4 -7). DA or quinpirole treatment had no effect on the Hill slope or the average number of channels per patch. The effect of DA was blocked by the D2 antagonist eticlopride and was not mimicked by D1 agonists or blocked by D1 antagonists. By contrast, a brief (15 min) exposure to DA or quinpirole caused a decrease in K D during the subjective day and had no effect during the subjective night. Thus, the effect of D2 agonists depends on both the duration of agonist exposure and the time of day. Application of DA or quinpirole evoked a transient activation of the MAP kinase Erk (extracellular signal-related kinase) during the day but caused a sustained inhibition during the night. Conversely, D2 agonists caused activation of Ca 2ϩ /calmodulin-dependent protein kinase II during the night and inhibited this enzyme during the day. A circadian oscillator in cones appears to regulate the nature of the transduction cascade used by D2 receptors.
Introduction
Ambient light intensity varies by several orders of magnitude over the course of a day. Nevertheless, visual systems detect contrasts in the face of these large changes in illumination. Part of this capability can be attributed to background and bleaching adaptation, which occur in response to changes in illumination over time scales of seconds to minutes (Fain et al., 2001) . Circadian oscillators provide an additional layer of control that allows visual systems to anticipate changes in illumination and modulate sensitivity over the course of a day (for review, see Cahill and Besharse, 1995) .
Circadian control of retinal photosensitivity is associated with several rhythmic changes in the structure and physiology of the retina (Cahill and Besharse, 1995) . Circadian rhythms can occur in retinal photoreceptors cultured in the absence of other functional cell types (Cahill and Besharse, 1993; Ko et al., 2001) , indicating that circadian clocks are located within the photoreceptors themselves. Nevertheless, multiple cell types contribute to overall circadian control of the intact retina. Thus, melatonin secretion from photoreceptors is greater during the circadian night and results in several "dark-adaptive" effects in the inner retina and pigment epithelium (Cahill and Besharse, 1995) .
Melatonin does not produce autocrine effects on avian photoreceptors but instead inhibits the secretion of dopamine (DA) from subpopulations of amacrine or interplexiform cells of the inner retina (Nowak et al., 1992) . Consequently, retinal melatonin and DA are in antiphase during the circadian cycle and after application of brief light pulses (Adachi et al., 1998) . DA can induce light-like phase shifts of photoreceptor circadian oscillators (Cahill and Besharse, 1991; Steenhard and Besharse, 2000) and contributes to circadian rhythms of rod-cone dominance (Witkovsky et al., 1988; Wang and Mangel, 1996; Manglapus et al., 1998 Manglapus et al., , 1999 . DA therefore functions as a feedback signal from the inner retina that refines and modulates circadian control mechanisms within the photoreceptors. In addition, DA produces several other light adaptive effects in the retina that are independent of its effects on circadian oscillators (Besharse and Iuvone, 1992; Cahill and Besharse, 1995) . D2-type DA receptors are expressed in the outer and inner segments of many vertebrates, including chick (Burnside et al., 1993; Wagner et al., 1993; Hillman et al., 1995) , and therefore it is possible that this neurohormone could affect phototransduction cascades directly.
Phototransduction in rods and cones is mediated by a G-protein-coupled cascade that culminates in the closure of cGMP-gated cationic channels (for review, see Burns and Baylor, 2001) . Changes in the sensitivity of these channels to activating ligand could significantly alter the dynamics of phototransduction (for review, see Kramer and Molokanova, 2001) , especially in cones (Rebrik et al., 2000) . Modulation can occur by phosphorylation (Gordon et al., 1992; Molokanova et al., 1997 Molokanova et al., , 1999 or by binding of ligands such as Ca 2ϩ /calmodulin (Hsu and Molday, 1993; Bauer, 1996; Kosolapov and Bobkov, 1996) or by a related molecule (Hackos and Korenbrot, 1997; Rebrik and Korenbrot, 1998) . We have shown that photoreceptor circadian oscillators cause cGMP-gated channels to have a higher affinity for cGMP during the subjective night (Ko et al., 2001) . Given that DA is released in response to light and contributes to circadian control mechanisms in the intact retina, we have examined whether this neurohormone can also modulate cone cGMPgated channels.
Materials and Methods
Cell isolation and culture. Chick retinas were dissociated at embryonic day (E) 6 essentially as described by Adler and Hatlee (1989) and in an previous study from our laboratory (Ko et al., 2001) . Briefly, E6 retinas were dissected and incubated in a solution consisting of (in mM): 123 NaCl, 5.36 KCl, 9.51 Na 2 HPO 4 , 1.48 NaH 2 PO 4, 0.1 gm/ml glucose, and 0.5 mg/ml trypsin at 37°C for 25 min and then dissociated by trituration using a fire-polished Pasteur pipette. Retinal cells were grown for 5 d on poly-D-lysine-coated glass coverslips in a medium consisting of Eagle's minimal essential medium (Biowhittaker, Walkersville, MD) supplemented with 10% heat-inactivated horse serum (Biowhittaker), 2 mM glutamine, 50 U/ml penicillin, 50 g/ml streptomycin, and 20 ng/ml recombinant rat ciliary neurotrophic factor (R&D Systems, Minneapolis, MN). Cultures prepared in this way yield a highly enriched population of cones (Adler et al., 1984; Belecky-Adams et al., 1996) . Cell culture incubators (39°C and 5% CO 2 ) were equipped with lights and timers, which allowed for entrainment of retinal circadian oscillators to 12 hr light/dark (LD) cycles in vitro as described previously (Ko et al., 2001 ). All experiments were performed on the second day of constant darkness (DD), after 4 d of entrainment to LD cycles. In DD, circadian time (CT) 0 is the time of expected lights on, and CT 12 is the time of expected lights off.
Electrophysiology. Recordings were made from cells with elongated cell bodies, an outer segment, and one or more prominent oil droplets on the distal side of the soma as described in detail previously Henderson, 1991, 1993; Ko et al., 2001) . Briefly, inside-out patches were excised into a saline solution free of divalent cations consisting of (in mM): 145 NaCl, 10 Na-HEPES, 10 glucose, 1 EGTA, pH 7.4, and held at Ϫ65 mV. Pipette solution was the same as the bath saline. Recordings were performed in the light at room temperature (22-23°C). Only one patch was excised from any given cell within 20 -40 min of removing cells from the incubator. Channels were activated by gravity-fed bath application of varying concentrations of cGMP dissolved in bath saline. Cultures were typically pretreated with drugs at CT 3 or CT 15 for 1-2 hr or 15 min before recording. Drug treatment occurred in the dark. Data were stored on magnetic tape in FM mode before off-line digitization at 20 kHz (Axoscope, Axon Instruments, Foster City, CA) and analysis (Fetchan, Axon Instruments). Concentration-response curves were fitted with the Hill equation
, where S is the concentration of cGMP, K D is the dissociation constant, and n is the Hill coefficient using Microcal Origin v6.0 software (Northhampton, MA). Each group contained 9 -12 patches obtained from at least three different preparations of retinal cells. All statistical analyses were performed using Statistica sofware (Statsoft, Tulsa, OK) and consisted of Student's unpaired t test or one-way ANOVA followed by Tukey's post hoc test for unbalanced n (when comparisons were made between multiple independent groups). Throughout, p Ͻ 0.05 was regarded as significant. Quinpirole was obtained from Tocris. All other DA receptor agonists and antagonists, as well as pertussis toxin (PTX), were obtained from Sigma (St. Louis, MO). This particular lot of PTX is biologically active, which we confirmed in other biological systems that are routinely studied in our laboratory.
Immunoblot analysis of protein kinase phosphorylation. These procedures have been described in detail previously (Ko et al., 2001) . Briefly, chick retinal cells were entrained in vitro as described above. At various times on the second day of DD, dissociated retinal cells were washed in ice-cold PBS and lysed in 2ϫ Laemmli sample buffer. Samples were boiled for 5 min, separated by SDS-PAGE on 10% gels, transferred to nitrocellulose membranes, blocked overnight in PBS containing 0.3% Tween 20 and 6.5% nonfat dried milk, and then incubated with a monoclonal antibody specific for phosphorylated (Thr-286) Ca 2ϩ / calmodulin-dependent protein kinase II (CaMKII) ␣ subunit (RBI/Sigma), a monoclonal antibody specific for diphospho-extracellular signalrelated kinase (Erk) (Sigma), or a polyclonal antibody insensitive to the phosphorylation state of Erk (Santa Cruz Biochemicals, Santa Cruz, CA). Primary antibodies were used at a dilution of 1:1000. As noted previously (Ko et al., 2001) , the CaMKII␣ subunit signal is composed of two bands because two splice variants of this enzyme are expressed in chick retina. Quantitation of CaMKII signal was based on the dominant smaller molecular weight form. Blots were analyzed using anti-mouse and antirabbit secondary antibodies conjugated to horseradish peroxidase and an ECL detection system (Amersham, Buckinghamshire, UK). The ratio of diphospho-Erk to total Erk, or phosphorylated CaMKII to total Erk, in each sample was determined by densitometry using Scion Image software (Scion Corp, Frederick, MD). All experiments were repeated three to six times. In most experiments, analyses of total Erk, diphospho-Erk, and/or phospho-CaMKII were performed on a single blot, which was stripped and reprobed with other primary antibodies.
Quantitative real-time reverse transcription-PCR analysis of cPer2 transcripts. Total RNA from cultured and intact chick retina was collected using a commercially available version of the guanadinium isothiocyanate method (Qiagen), and 500 ng of total RNA from each sample was used to quantify expression of cPer2 and chick ␤-actin mRNA by quantitative real-time reverse transcription (RT)-PCR (Q-PCR) using the Taqman one-step RT-PCR kit and an ABI Prism 7000 Sequence Detection System (Applied Biosystems). An 89 bp fragment of cPer2 was obtained by standard RT-PCR using the following matched primers: 5Ј-CGG-GTC-CCT-TAA-ATG-AAG-ATG-TT-3Ј (forward) and 5Ј-TTG-CTC-TGT-GAT-CTC-CTG-AAC-ACT-3Ј (reverse), which were designed on the basis of the sequence reported by Okano et al. (2001) . The cPer2 Q-PCR probe (5Ј-ATA-CGG-AGG-ACA-GAA-TC-3Ј) recognized a 17 bp region within the 89 bp fragment between the primer binding sites. A 62 bp fragment for ␤-actin was obtained by standard RT-PCR using the following matched primers: 5Ј-AAG-CCC-AGA-GCA-AAA-GAG-GTA-TC-3Ј (forward) and 5Ј-GGT-GCA-AAT-ACC-GTG-TTC-AAT-GG-3Ј, which were designed on the basis of the sequence reported in GenBank (accession number L08165). The ␤-actin Q-PCR probe (5Ј-CTG-ACC-CTG-AAG-TAC-3Ј) recognized a 15 bp region between the primer binding sites. All primers and probes were made by Applied Biosystems. Each probe includes a 5Ј reporter dye (FAM) and a 3Ј quencher dye (TAMRA). During the PCR reactions, cleavage of the probe separates the reporter and quencher dyes, resulting in increased fluorescence of the reporter. Accumulation of PCR products is detected directly by monitoring the increase in fluorescence from the reporter dye. Data are expressed as the ratio of cPer2 to ␤-actin, which serves as a loading control. All measurements were repeated three times.
Results

Modulation of cone cGMP-gated channels by dopamine and D2 agonist
Chick cones were entrained to 12 hr LD cycles for 4 -5 d in vitro and then switched to DD. On the second day of DD, inside-out patches were excised from cones during the subjective day (CT 4 -7) or the subjective night , and cGMP concentration-response curves were generated immediately after patch excision and fitted with the Hill equation (Fig. 1 A) . As described previously (Ko et al., 2001) , the mean K D for cGMP was significantly ( p Ͻ 0.001) greater in patches excised during the subjective day (CT 4 -7) than during the subjective night (CT 16 -19) (Fig. 1B) , and the affinity of cGMP-gated channels for their normal activating ligand was under circadian control.
The synthesis and secretion of DA is also under circadian control in the avian retina and is higher during the subjective day or after acute light exposure during the subjective night (Adachi et al., 1998) . We have observed that DA evokes a phasedependent modulation of cGMP-gated channels in chick cone photoreceptors. In these experiments, drugs were applied 1.5-2 hr before inside-out patch recordings were made from cultured cones on the second day of DD after 4 -5 d of LD entrainment.
Application of 500 nM DA for 2 hr before patch excision had no effect on cGMP-gated channels in patches excised during the subjective day (CT 4 -7). However, 2 hr exposure to DA caused a significant ( p Ͻ 0.05) increase in the K D of cGMP-gated channels in patches excised during the subjective night (Fig.  2 A) . This effect is mediated by D2 receptors. Thus, a 2 hr treatment with the D2 receptor agonist quinpirole (500 nM) also evoked phase-dependent modulation of cGMP-gated channels (Fig. 2 B) . Moreover, pretreatment with the D2 antagonist eticlopride (50 M) blocked the effect of DA (Fig. 2C ), but application of eticlopride by itself had no effect on channel affinity at either time of day (Fig. 2 D) . Finally, treatment with the D1 antagonist SCH 23390 (50 M) did not alter the effect of DA (Fig. 2 E) , and the D1 agonist SKF 38393 (1 M) had no effect on channel affinity at any time of day (Fig. 2 F) . None of these perturbations altered the Hill slope for channel activation or the average number of channels detected per patch (data not shown). In summary, 2 hr of continuous activation of D2 receptors, but not D1 receptors, can modulate cone photoreceptor cGMP-gated channels by lowering the affinity for activating ligand during the subjective night . Sustained D2 stimulation has no effect during the subjective day (CT 4 -7), when the channels are already in a lowaffinity state.
Previously we have shown that photoreceptors that have never been entrained to LD cycles do not display daily rhythms in the affinity of cGMP-gated channels (Ko et al., 2001) . We investigated whether DA can modulate cGMP-gated channels in nonentrained photoreceptors that have been cultured under continuous light for 5 d after dissociation. On the fifth day in vitro, DA (500 nM) or vehicle was applied for 2 hr before patch excision at various times of day. Note that the mean K D for channel activation in nonentrained cells normally lies at an intermediate level just below that observed during the subjective day in entrained cells [see also Ko et al. (2001) ]. We were surprised to find that 2 hr exposure to DA evoked a significant decrease in the mean K D of the cGMP-gated channels from nonentrained cells cultured in continuous light (control, K D ϭ 37.3 Ϯ 4.2 M, n ϭ 15; DAtreated cells, K D ϭ 25.3 Ϯ 1.9 M, n ϭ 16; p Ͻ 0.05). These data reveal unexpected complexity in the actions of DA on cGMPgated channels, because 2 hr of DA exposure does not decrease mean K D at any time of day in cells previously exposed to entraining LD cycles. One possible explanation for this result is that the circadian oscillator in some way controls the transduction cascade used by D2 receptors. Additional evidence for this will be presented below.
Dopamine and D2 agonist effects on Erk and CaMKII phosphorylation in cones photoreceptors
We have shown previously that circadian control of cone cGMPgated channels is mediated through the MAP kinase Erk, which is more active during the subjective night, and CaMKII, which is more active during the subjective day (Ko et al., 2001) . In the present experiments, chick embryos were entrained in ovo to LD for 4 -5 d as described previously (Ko et al., 2001 ), and retinal cells were then dissociated and allowed to free-run in DD. On the second day of DD, cells were treated with DA (500 nM) or quin- Figure 1 . Circadian rhythm in the apparent affinity of cGMP-gated channels for activating ligand in chick retinal cone photoreceptors. Cultured chick cones were entrained to 12 hr LD cycles for 4 -5 d in vitro and then switched to DD. On the second day of DD, inside-out patches were excised from cones during the subjective day (CT 4 -7) or the subjective night . cGMP concentration-response curves were generated immediately after patch excision. A, Typical cGMP concentration-response curves obtained from patches excised during the subjective day (Ⅺ) and subjective night (f). Curves are shown with superimposed least-squares fits to the Hill equation. B, Mean K D values from patches excised at CT 4 -7 (n ϭ 8 patches) and CT 16 -19 (n ϭ 9 patches) in cells free-running on the second day of DD. In this and all subsequent figures, error bars represent SEM, numbers in parentheses are the number of patches tested, and asterisks indicate p Ͻ 0.05.
Figure 2.
Modulation of cGMP-gated channels by DA is mediated by D2 receptors. Experiments were performed on LD entrained cones free-running on the second day of DD. All drugs were applied starting 1.5-2 hr before inside-out patch recordings were made at CT 4 -7 and CT 16 -19. Agonists and antagonists were dissolved in a vehicle containing 0.4% ascorbic acid. A, Dopamine significantly increased the K D of cGMP-gated channels during the subjective night (CT 16 -19) but not the subjective day (CT 4 -7) compared with the controls. A similar phasedependent effect was produced by the selective D2 agonist quinpirole ( B). The D2 antagonist eticlopride (50 M) blocked the effect of dopamine ( C), but treatment with eticlopride by itself had no effect on cGMP-gated channels ( D). The selective D1 antagonist SCH 23390 (50 M) did not reverse the effect of dopamine ( E), and the selective D1 agonist SKF 38393 (1 M) had no effect on cGMP-gated channels ( F). In this and subsequent figures, all data points are means of 8 -10 patches and derived from at least three different cell preparations.
pirole (500 nM) for 2 hr starting at CT 3 or CT 15. At CT 5 or CT 17, cells were lysed, and Erk and CaMKII phosphorylation were determined by immunoblot analysis. As described previously (Ko et al., 2001) , Erk diphosphorylation was substantially greater during the subjective night (CT 17) than during the subjective day (CT 5) in control cells (Fig. 3A) . A 2 hr exposure to the D2 agonist quinpirole diminished Erk diphosphorylation during both the subjective night (CT 17) and the subjective day (CT 5) (Fig. 3A) , although the effect was greater during the night. DA produced identical effects (Fig. 4 A) . Because it is the diphosphorylated form of Erk that is active, these data indicate that continuous activation of D2 receptors can inhibit Erk activity. D2 agonists also affected the phosphorylation of CaMKII. Note that CaMKII phosphorylation is normally greater during the subjective day (CT 5) than during the subjective night (CT 17) (Fig. 3B ), but this rhythm was markedly dampened in quinpirole-treated cells (Fig. 3B ) and in DA-treated cells (Fig. 4 B) . Thus, sustained activation of D2 receptors dampens the circadian rhythms of both Erk and CaMKII phosphorylation. It also bears noting that the effects of DA on Erk and CaMKII are blocked by the D2 antagonist eticlopride (Fig. 4) .
The cellular effects of D2 receptor activation are gated by the circadian oscillator
The inhibitory effect of D2 agonists on Erk activation in photoreceptors is consistent with the electrophysiological data in Figure 2 , along with our previous observation that high Erk activity is temporally correlated with high channel affinity (Ko et al., 2001) . On the other hand, D2 agonists evoke a transient activation of Erk in almost every other system tested, including several neural and glial cell populations (Luo et al., 1998; Yan et al., 1999; Cai et al., 2000) . These earlier studies used DA treatments that are considerably shorter than those used in the experiments described above. Therefore, we examined whether the effects of DA on entrained chick cone photoreceptors depend on the duration of agonist treatment as well as the time of day. We observed that a 15 min exposure to 500 nM DA on the second day of DD caused Chick retinal cells free-running on the second day of DD were treated with the D2 agonist quinpirole (500 nM) or vehicle for 2 hr starting at CT 3 or CT 15. At CT 5 or CT 17, cells were lysed and harvested for immunoblot analysis of Erk and CaMKII phosphorylation using antibodies selective for the phosphorylated forms of these proteins, as well as with antibodies that recognize total Erk regardless of its phosphorylation state. A, Erk diphosphorylation is substantially greater during the subjective night (CT 17) than during the subjective day (CT 5) in control cells. Cells treated for 2 hr with the D2 agonist quinpirole exhibit diminished Erk diphosphorylation during both the subjective night (CT 17) and the subjective day (CT 5). B, CaMKII phosphorylation is greater during the subjective day (CT 5) than during the subjective night (CT 17) in control cells. Treatment with 500 nM quinpirole for 2 hr dampened the rhythm in CaMKII phosphorylation, which was decreased during both the subjective day (CT 5) and the subjective night (CT 17). In this figure, representative blots are shown above results of densitometric analysis of five repetitions of each experiment. Ordinates of the graphs represent signal for phosphorylated enzyme divided by total Erk. a decrease in channel K D during the subjective day (CT 4 -7) but had virtually no effect during the subjective night . In contrast, a 2 hr exposure to DA caused an increase in channel K D during the subjective night (CT 16 -19) but had no effect during the subjective day (CT 4 -7) (Fig. 5A ). An identical pattern was observed with the D2 agonist quinpirole (500 nM) (Fig. 5B) . In other words, the acute (15 min) effects of D2 receptor activation are the opposite of those observed with a more sustained (2 hr) activation of these receptors in entrained cells. Moreover, the results with acute DA treatments in entrained cells are similar to those evoked by more sustained D2 receptor activation in nonentrained cells. This pattern, although somewhat complex, provides additional evidence that the transduction cascade used by D2 receptor activation is in some way gated by the circadian oscillator.
To test this theory more directly, we examined the time course of D2 receptor effects on Erk and CaMKII phosphorylation during the subjective day (CT 5) and the subjective night (CT 17). During the subjective day, quinpirole treatment evoked a robust but transient increase in Erk phosphorylation that fell to slightly below the baseline after 2 hr, even in the continued presence of agonist (Fig. 6 A) . By contrast, during the subjective night, quinpirole treatment caused a more slowly developing but sustained decrease in Erk phosphorylation (Fig. 6 A) . We have observed that other pharmacological treatments (e.g., forskolin) can increase Erk phosphorylation even during the subjective night (our unpublished observations). This is significant because it indicates that the failure of DA to cause a transient stimulation of Erk during the nighttime is not because the system is already maximally activated. In other experiments, we observed that treatment with quinpirole evoked a transient increase of CaMKII phosphorylation during the subjective night but evoked a modest and slowly developing inhibition during the subjective day (Fig.  6 B) , i.e., the effects of quinpirole on Erk phosphorylation are antiphase to its effects on CaMKII. These experiments provide a second line of evidence that circadian phase regulates the nature of the transduction cascade responses to D2 receptor activation in cone photoreceptors.
On the other hand, the effects of 2 hr exposure to DA are not associated with changes in the dynamic state of the circadian oscillator. We examined this specifically by measuring cPer2 Figure 5 . The effects of dopamine agonists depend on the duration of receptor activation. Cultured chick cones free-running on the second day of DD were treated with dopamine (500 nM), quinpirole (500 nM), or vehicle for 15 min or 2 hr before excision of inside-out patches and determination of channel K D . A, Treatment with DA for 15 min caused a significant decrease in cGMP-gated channel K D during the subjective day (CT 4 -7) but had no effect during the subjective night (CT 16 -19) compared with controls. In contrast, treatment with dopamine for 2 hr significantly increased the K D of cGMP-gated channels during the subjective night but had no effect during the subjective day (CT 4 -7) compared with the controls. B, A similar pattern is observed in cells treated with the D2 agonist quinpirole. All data points are means of 8 -10 patches and are derived from at least three different cell preparations. Figure 6 . The time course of D2 receptor effects on Erk and CaMKII phosphorylation in chick photoreceptors. Cultured cone photoreceptors cells were treated with quinpirole (500 nM) for 0, 15, 30, 60, or 120 min starting at CT 5 or CT 17. Cells were then lysed and harvested immediately for immunoblot analysis of Erk and CaMKII phosphorylation. A, During the subjective day (CT 5), quinpirole treatment evoked a robust but transient increase in Erk phosphorylation, which peaked at 15 min and fell to slightly below the baseline after 2 hr of continuous treatment. In contrast, during the subjective night (CT 17), quinpirole treatment caused only the slowly developing but sustained decrease in Erk phosphorylation. Top panels show a typical immunoblot, and bottom panels are densitometric analyses of several repetitions of these experiments. B, Treatment with quinpirole evoked a transient increase of CaMKII phosphorylation during the subjective night (CT 17), which peaked at 15 min and gradually fell to baseline after 2 hr. In contrast, during the subjective day (CT 5), quinpirole treatment evoked only the slowly developing inhibition of CaMKII phosphorylation.
mRNA levels in cultured photoreceptors by means of real-time quantitative RT-PCR procedures. This transcript is rhythmically expressed in avian circadian oscillators systems, including those of birds (Doi et al., 2001) , and can therefore serve as a readout of the dynamic state of the clock. As with avian pineal cells, cPer2 mRNA levels in retina on the second day of DD are highest during the subjective day (Fig. 7A ). Exposure to DA for 2 hr starting at CT 3 or CT 15 had no effect on cPer2 transcript levels at either circadian phase (Fig. 7B) . This is similar to results obtained previously in Xenopus retina, in which exposure to light or DA for at least 3 hr is required to produce any detectable effect on circadian oscillator dynamics (Steenhard and Besharse, 2000) .
The effects of dopamine on cGMP-gated channels are not mediated by inhibition of cAMP production
In retinal photoreceptors of chick, some of the effects of D2 receptor activation, e.g., inhibition of melatonin secretion and photomechanical movements, are mediated by inhibition of adenylate cyclase (Iuvone et al., 1990; Stenkamp et al., 1994) . This raises the possibility that modulation of cGMP-gated channels occurs by a similar mechanism. This hypothesis predicts that agents that prevent or bypass the inhibition of cAMP production should reduce or eliminate the effects of DA on cGMP-gated channels. A similar strategy was used by Hasegawa and Cahill (1999) to show that cAMP is a component of the transduction pathway used by DA to shift the phase of the melatonin rhythm in Xenopus photoreceptors. To test this hypothesis, we applied DA in the presence and absence of 500 M 8(4-chlorophenylthio)-cAMP (CPT-cAMP), a membrane-permeable analog of cAMP. Control cells were treated with CPT-cAMP alone or with vehicle alone (Fig. 8 A) . Treatments were started 2 hr before patch excision at CT 4 -7 or CT 16-19 in cells free-running on the second day of DD. Vehicle-treated cells exhibited a robust circadian modulation of channel K D . Importantly, treatment with CPTcAMP eliminated this rhythm by causing a marked and significant ( p Ͻ 0.05) increase in channel affinity during the subjective day but not during the subjective night (Fig. 8 A, compare open and filled circles). In other words, the channel locks into a highaffinity state. It bears noting that a similar effect is produced by 20 M forskolin, an activator of adenylate cyclase (data not shown), and a detailed analysis of these observations will be the subject of a subsequent report. As noted earlier, DA evokes the opposite effect, i.e., there is a significant decrease in channel affinity during the subjective night and no effect during the subjective day, and the channel locks into a low-affinity state. Most significantly, the same behavior is observed in cells exposed simultaneously to both DA and CPT-cAMP. In other words, continuous 2 hr activation of D2 receptors evokes a decrease in channel affinity even when cAMP-responsive intracellular cascades are tonically activated by an efficacious and membrane-permeable cAMP agonist. Finally, it bears noting that the effects of DA are readily observed in photoreceptors cells pretreated overnight with 200 ng of PTX (Fig. 8 B) . Previous studies have shown that PTX can block D2 receptor-mediated suppression of cAMP formation in this same preparation of chick photoreceptors (Iuvone et al., 1990) . These data therefore provide direct evidence for multiple pathways leading out of D2 dopamine receptors in cone photoreceptors.
Discussion
In the vertebrate retina, a substantial body of evidence indicates that DA facilitates the transitions between the rod-dominated signaling pathways characteristic of scotopic conditions and the cone-dominated pathways that operate under photopic conditions (for review, see Djamgoz and Wagner, 1992; Krizaj, 2000) . DA interacts with photoreceptor circadian control mechanisms, and its secretion and actions vary with the time of day. In birds and other vertebrates, retinal DA secretion is increased during the subjective day, even in constant darkness (Adachi et al., 1998) , and is therefore a secondary output of the photoreceptor clock. DA can also entrain photoreceptor circadian oscillators, with phase-dependent effects that are similar but not identical to those of light itself (Cahill and Besharse, 1995; Hasegawa and Cahill, 1999; Steenhard and Besharse, 2000) . Thus, DA can also be regarded as an input to the retinal circadian clock. On theoretical grounds, the existence of a single variable that is both an input and an output of a circadian clock has been proposed to contribute to the stability and robustness of circadian oscillator systems (Roenneberg and Merrow, 1999) . In addition, retinal DA secretion is increased by brief light pulses or flickering light stimuli (Djamgoz and Wagner, 1992; Adachi et al., 1998) , and DA pro- Figure 7 . Exposure to DA for 2 hr does not affect cPer2 mRNA levels in embryonic chick retina. A, Expression of cPer2 mRNA is rhythmic in chick retina. Whole retinas from entrained chick embryos were homogenized, and cPer2 transcript levels were quantified by Q-PCR. cPer2 is high during the subjective day and low during the subjective night. B, Cultured cone photoreceptors were treated with 500 nM dopamine or vehicle for 2 hr starting at CT 3 or CT 15 on the second day of DD after 5 d of LD, and cPer2 mRNA was measured by Q-PCR at CT 5 and CT 17. Dopamine does not affect the circadian oscillation of cPer2 in cultured chick photoreceptors. Treatment with 500 M 8-CPT-cAMP (cAMP), a membrane-permeable analog of cAMP, caused a significant decrease in K D during the subjective day (CT 4 -7) but not during the subjective night (CT 16 -19) compared with controls. DA (500 nM) treatment evoked the opposite effect; i.e., there was a significant increase in K D during the subjective night but no effect during the subjective day. Treatment with DA (500 nM) in the presence of 500 M 8-CPT-cAMP (Dopamine ϩ cAMP) resulted in a significant increase in K D during the subjective night but no apparent effect during the subjective day; i.e., the effects were indistinguishable from those of DA alone. In this experiment, drugs were applied 1.5-2 hr before inside-out patch recordings from cultured cones on the second day of DD. B, After pretreatment with 200 ng/ml pertussis toxin (PTX) for 18 -24 hr, a subsequent 2 hr exposure to DA evoked a modulation of cGMP-gated channels comparable with that observed in control cells. Pertussis toxin by itself had no effect on the affinity of cGMP channels. All data points are means of 8 -10 patches and are derived from at least three different cell preparations.
duces a number of acute effects in the inner and outer retina that are unrelated to entrainment of circadian oscillators but contribute to the overall light-adaptive state of the retina (for review, see Besharse and Iuvone, 1992; Cahill and Besharse, 1995) .
In the present study we have examined modulation by DA of cGMP-gated channels in cone photoreceptors, which are under the control of circadian oscillators intrinsic to these cells (Ko et al., 2001) . These channels are of special interest because they carry the dark current and have a substantial permeability to Ca 2ϩ ions (Picones and Korenbrot, 1992; Frings et al., 1995) . In addition to mediation of phototransduction, activation of cGMP-gated channels can also stimulate exocytosis of transmitter from cone synaptic terminals (Rieke and Schwartz, 1994; Savchenko et al., 1997) . We have previously presented theoretical calculations suggesting that that modulation of chick cone cGMP-gated channels should have significant effects on the amplitude of the cone dark current at physiological levels of intracellular cGMP, and thereby on the dynamics of phototransduction (Ko et al., 2001; Kramer and Molokanova, 2001) .
The biochemical and physiological observations in this study reduce to two main conclusions: (1) DA can modulate the photoreceptor ionic channels that carry the dark current, possibly by direct phosphorylation of the channels, and (2) the nature of the response to DA is regulated by the circadian oscillator and can itself be considered as an output of the clock. More specifically, the state of the circadian oscillator appears to determine whether D2 receptor activation causes activation or inhibition of the Erk form of MAP kinase. Other biochemical and physiological effects, including modulation of cGMP-gated channels, are probably consequences of those processes (Ko et al., 2001) .
Consistent with this last conclusion, we observed that a 2 hr exposure to D2 agonists has no effect during the subjective day, when cGMP-gated channels are already in a low-affinity state because of the action of endogenous circadian oscillators (Ko et al., 2001 ). We also observed that a 15 min exposure to DA evokes an increase in channel affinity during the subjective day but not during the subjective night. Thus, D2 receptor responses and circadian output mechanisms effectively occlude, suggesting that these processes may share common mechanisms. Moreover, DA modulation evoked by either brief or sustained activation of D2 receptors resembles circadian control mechanisms in affecting only the K D for channel activation, and not the Hill slope or the average number of channels detected per patch (data not shown). The molecular modifications that result in modulation of the channels are unknown but could include direct phosphorylation of the channels (Gordon et al., 1992; Molokanova et al., 1997 Molokanova et al., , 1999 or binding of modulatory ligands such as Ca 2ϩ -binding proteins (Hsu and Molday, 1993; Bauer, 1996; Kosolapov and Bobkov, 1996) . In this regard, direct modulation of Kv4 family channels by Erk has been described in other cell types (Adams et al., 2000) , and it is possible that cGMP-gated channel complexes are direct substrates for Erk or CaMKII or both.
The electrophysiological recordings in these experiments were performed immediately after the termination of DA or quinpirole treatment and not on subsequent circadian days when the consequences of clock phase-shifting are usually observed (Shearman et al., 2000) . This experimental design was chosen specifically because it does not allow time for DA to produce significant changes in the overall configuration of circadian oscillator transcription-translation feedback loops. In confirmation of this, we observed that 2 hr of DA treatment had no effect on expression of a rhythmic clock gene transcript (cPer2) in cultured chick photoreceptors. Therefore the results described here cannot be attributed to clock phase-shifting (which in any case would not normally be observed until subsequent cycles). Instead, these results are consistent with the existence of multiple D2 receptor signaling cascades that are regulated independently as an output of the circadian oscillator.
It is well established that D2 receptors mediate inhibition of cAMP formation in retinal photoreceptors (Iuvone, 1986; Iuvone et al., 1990; Stenkamp et al., 1994) . However, we observed that DA could still evoke a "light-like" modulation of cGMP-gated channels in the presence of a membrane-permeable cAMP analog that by itself is able to modulate the channels in the opposite direction. This result indicates that dopaminergic modulation of the channels occurs by a different mechanism, i.e., one that does not entail inhibition of adenylate cyclase. Moreover, the DA effects observed here are resistant to pertussis toxin, which blocks D2 receptor-mediated inhibition of adenylate cyclase in most systems (Huff, 1996) , including cultured chick photoreceptors (Iuvone et al., 1990) . We are unaware of previous reports of D2 receptor family-mediated inhibition of Erk signaling in any system such as we observe with 2 hr of agonist treatment during the subjective night. However, there are several reports of D2 agonists evoking transient increases in Erk phosphorylation in neuronal and non-neuronal cells (Luo et al., 1998; Yan et al., 1999; Cai et al., 2000; Oak et al., 2001 ). We also observed that shortduration exposures (e.g., 15 min) to DA or quinpirole evoked transient increases in Erk phosphorylation during the subjective day but not during the subjective night.
To our knowledge, studies on Erk responses to a more sustained stimulation of D2 receptors have not appeared. There is evidence that regulation of Erk MAP kinase by D2-like DA receptors and other G-protein-coupled receptors requires receptor sequestration (Della Rocca et al., 1999; Ignatova et al., 1999; Maudsley et al., 2000) , in some cases mediated by trans-regulation of tyrosine kinase receptors Oak et al., 2001 ). These observations suggest a broad class of models that could explain the results obtained here, i.e., that the inhibition of Erk seen after 2 hr DA treatment is mediated by receptors that have been sequestered for a considerable period of time. It is also possible that chick photoreceptors express multiple types of D2 family receptors that are coupled to different transduction cascades that converge onto Erk with a different time course and produce qualitatively different effects on this pathway.
Previous studies of retinal circadian control mechanisms have shown that photoreceptor oscillators can drive rhythmic outputs in the absence of other cell types (Cahill and Besharse, 1993; Pierce et al., 1993; Ko et al., 2001 ). These observations are consistent with the present observation that circadian rhythms in channel gating persist in the presence of the D2 antagonist eticlopride. This result is not surprising because the culture conditions used here yield a highly enriched population of cones, and DAcontaining cells are not present in any significant number (Adler et al., 1984; Adler and Hatlee, 1989) . However, in the intact retina it is clear that DA acting through D2 family receptors plays an important role in overall circadian control mechanisms, especially in the circadian regulation of rod-cone dominance as accessed by recordings of electroretinogram b-waves in birds (Manglapus et al., 1998 (Manglapus et al., , 1999 , and direct recordings of horizontal cells in teleosts (Ribelayga et al., 2002) .
As described previously (Ko et al., 2001 ), modulation of cGMP-gated channels should produce significant effects on the photoreceptor dark current and thereby on the dynamics of phototransduction. It is possible that modulation of cone cGMPgated channels by circadian clocks and by DA causes an indirect effect on rod-cone coupling, possibly as a consequence of altered Ca 2ϩ homeostasis and changes in transmitter secretion from the synaptic region (Miller and Korenbrot, 1993; Rieke and Schwartz, 1994; Savchenko et al., 1997) , and in this way contributes to the daily changes in cone function that contribute to circadian control of the avian retina.
In summary, we have shown that DA acting through D2 receptors can modulate cone cGMP-gated channels. The nature of the response depends on the time of day and the duration of agonist treatment, and it appears that the qualitative nature of the transduction pathway used by D2 dopamine receptors is under circadian control.
